Abstract Phosphinoalkynes P(C:CC 6
Introduction
The ready reaction of [Fe 3 (CO) 12 ] with dithiols, HSRSH, leading to dithiolate complexes [Fe 2 (l-SRS)(CO) 6 ] has been widely exploited in the development of models for the active site in iron-only hydrogenases. Whilst the great majority of bioinorganic models are based on [ [3] . However, only a relatively small number of mixed-valent [Fe I Fe II ] model complexes have been isolated, and despite the use of spectroelectrochemical methods to study enzyme based systems [4] [5] [6] [7] [8] , there are surprisingly few spectroelectrochemical investigations of the model [Fe 2 (l-SRS)(CO) 6-x 
n systems [9] [10] [11] [12] [13] [14] [15] .
As well as being fascinating models for the biological system [16] , clusters [Fe 2 (l-SRS)(CO) 6-x 
n are now attracting great attention as alternative, nonprecious metal-based catalytic platforms for the reduction of water to dihydrogen for use as a future clean fuel [17] [18] [19] [20] [21] [22] . Although examples of compounds with promising electrocatalytic performance have been explored in laboratory settings, a particular challenge that has been noted is the incorporation of additional photosensitizing motifs within the catalytic process [22] [23] [24] [25] [26] . These photosensitizing motifs have been either introduced as a separate molecular component of the catalyst solution, or covalently attached to the cluster with a view to promoting improved electronic coupling between the components. Many of these photosensitizing groups have been introduced into the backbone of the dithiolate bridging ligand, although a more close association with the metallic core might prove more effective.
Against this background we considered the concept of introducing phosphino alkynes as wire-like conduits to channel electrons between a remote photosensitizer and a [Fe 2 S 2 ] cluster [27] [28] [29] . Phosphinoalkynes are an appealing, if underexplored, class of molecular wire that could be well-suited to the task of tethering a catalyst center to a remote photosensitizer, with alkyne-based p-conjugated compounds featuring prominently in the construction of wire-like molecules [30] , and phosphino moieties well established as ligands in transition metal coordination and cluster chemistry [31] . In this report we detail our first steps in this area, including the IR spectroelectrochemical investigation of a prototype phosphinesubstituted model cluster.
Results and Discussion

Synthesis
Phosphino alkynes have typically been prepared from reactions of lithiated acetylenes with mono-, di-or tri-chlorophosphanes [31] . Recently, Beletskaya and colleagues have shown that Ni(acac) 2 , PdCl 2 (PPh 3 ) 2 [32] , CuI [33] and related complexes smoothly catalyse the cross-coupling of terminal alkynes with chlorophosphanes in the presence of NEt 3 to give alkynylphosphanes in excellent yields. The Beletskaya route [33] was duly employed in the synthesis of the phosphinoalkynes P(C:CC 6 H 4 Me)Ph 2 (1) and P(C:CC 6 H 4 C:CC 6 H 4 Me)Ph 2 (2) (Scheme 1).
The phosphine substituted iron clusters 3-6 were synthesized according to Scheme 2 by treatment of [Fe 2 (l-pdt)(CO) 6 ] [34] [35] (pdt = propanedithiolate) with the appropriate phosphine (PPh 3 , 1, 2). Mono substitution of a carbonyl ligand (3, 5, 6) could be achieved at room temperature by addition of anhydrous trimethylamine-N-oxide (TMNO) [27] . Synthesis of the bis(PPh 3 ) complex 4 required prolonged reaction in refluxing toluene even in the presence of TMNO to achieve even modest conversion, as noted earlier by Wang, Sun and colleagues in thermally driven phosphine substitution reactions [36] .
Compounds 3 and 4 have been described previously, having been prepared from thermal substitution reactions of [Fe 2 (l-pdt)(CO) 6 ] with excess PPh 3 in refluxing toluene (6 h: 3, 64 %; 4 20 %) [36] . The milder TMNO activation permits preparation of 3 (62 %) in comparable yield after only 3 h, although the preparation of 4 still proceeded sluggishly and not even prolonged reaction times (3 d) could drive yields of the compound higher, 16 % isolated yield being achieved. Spectroscopic data for 3 and 4 were similar to those reported earlier [36] , and include characteristic 31 : 5 2047, 1988, 1937; 6 2046, 1986, 1936) , and the frequencies suggest that there is little electronic difference between the donor ability of PPh 3 and the phosphinoalkynes 1 and 2. The 31 P NMR spectra of 5 and 6 contained singlets at 38.9 and 38.1 ppm, respectively.
The cleavage of the P-C bond in phosphinoalkynes within metal coordination spheres has been exploited in the preparation of a wide range of phosphidosupported alkynyl clusters under mild conditions [31] . The thermal stability of 5 was therefore investigated by way of example. A toluene solution of 5 was heated at reflux for 6 h and monitored by IR spectroscopy (m(CO)). No change could be detected, and 5 was recovered essentially quantitatively by preparative TLC. This stability of the P-C bond in 5 is in contrast to the facile thermal reactions of [Fe 3 (CO) 11 [41] have been reported previously, and those of 5 ( Fig. 1) and 6 (Fig. 2 ) are now described (Tables 1, 2 ). In each case, the Fe centers are found in distorted octahedral environments if the Fe-Fe bond is included in the description of the coordination sphere, although descriptions in terms of edge-sharing square-pyramidal fragments are more commonly employed [40] . The phosphine ligands occupy apical positions approximately trans to the Fe-Fe bond. The propane back bone of the dithiolate ligand in the five-membered S 2 -(CH 2 ) 3 ring is folded towards the Fe(CO) 3 fragment in 6, but is disordered over both proximal and distal sites in 5 (and likely also in 3 given the large thermal ellipsoid depicted for this compound [36] ). The Fe-Fe bond length is relatively insensitive to the nature of the supporting ligands, spanning a range 2.5048(10)-2.5239(4) Å ( Table 2 ). As might be expected, the Fe-CO bond lengths were more responsive to the change in ligand environment, averaging ca. 1.80 Å in the Fe(CO) 3 
Electrochemistry and IR Spectroelectrochemistry
The redox properties of complexes [Fe 2 (l-dithiolate)(CO) 6-n L n ] have attracted considerable interest as part of the strategy to study their capacity to serve as functional models of the iron-only hydrogenases. Although initial CV investigations of 5 and 6 revealed only irreversible electrochemical processes in CH 2 Cl 2 /0.1 M NBu 4 PF 6 the PPh 3 substituted compounds 3 and 4 were much better behaved. Both compounds underwent an irreversible reduction, the peak potential of which was quite sensitive to the degree of substitution (E pc = -2.08 (3), -1.75 (4) [45, 46] , and during electrocatalysis by synthetic models [47] [48] [49] [50] , direct spectroscopic observation of complexes featuring this redox state are limited [49, [51] [52] [53] . We therefore took advantage of the comparatively wellbehaved electrochemical response of 4 in CH 2 Cl 2 /0.1 M NBu 4 PF 6 to [4] ? by IR spectroelectrochemical methods, and assess the effect of the phosphine ligands on the nature of the formally [Fe I Fe II ] mixed valence cluster core. The IR spectrum of 4 is characteristic of the distribution of carbonyl ligands in L(CO) 2 Fe-Fe(CO) 2 L formulations with m(CO) bands, shifting from 2,075-1,975 cm -1 in Fe 2 (l-pdt) (CO) 6 to 2,050-1,920 cm -1 in the case of 3 and further to 2,000-1,920 cm -1 for the most electron-rich complex 4. Upon oxidation of 4 to [4] ? in a spectroelectrochemical cell, the parent m(CO) band pattern (4 1998, 1952, 1934 (Fig. 3) . On re-reduction the spectrum of 4 was largely recovered, confirming the assignment of the spectroelectrochemically generated spectrum to that of [4] ? . The m(CO) spectrum of [4] ? is remarkably similar in band-pattern to that of the related hydride complex [Fe 2 (l-H)(l-pdt)(CO) 4 ? ( [7] ? ; m(CO) 1986, 2031 cm -1 ) (the lower electron density in [4] ? vs 7 accounting for the ca. 100 cm -1 difference in m(CO) frequencies) [52] . Calculations on a model of neutral 7 indicates that the iron atoms carry ca. 70 % of the unpaired spin density leading to a description in terms of an average oxidation state at each iron of 1.5. In the case here, the formal oxidation state of the bimetallic core is realised by oxidation of the bis-triphenylphosphine supported [Fe I Fe I ] cluster 4 to give a cationic analogue with a similarly delocalized electronic structure. DFT [56] , and the results here are consistent with depopulation of such a metal-metal bonding orbital on oxidation. However, it must be noted that fuller models suggest a more localized electronic structure within the mixed-valence enzyme active site [57] 
Conclusion
Phosphinoalkyne substituted complexes [Fe 2 (l-pdt)(CO) 5 (Ph 2 PC:CR)] can be readily obtained from TMNO-promoted carbonyl ligand substitution reactions. The presence of the l-pdt ligand appears to engineer substantial thermal resilience to the cluster core and surprisingly P-C bond activation is suppressed in these complexes. The simpler, PPh 3 derivatives 3 and 4 give rise to relatively stable oxidation products in an electrochemical cell with [4] ? being formulated as a Class III (or fully delocalized) mixed-valence complex. Further steps towards the use of phosphine alkynes as robust tethers to secure photosensitizers to the model hydrogenase site are under way in our laboratory. ? in CH 2 Cl 2 /0.1 M NBu 4 PF 6 using an OTTLE cell [54] 
General Experimental Procedures
All reactions were carried out under an atmosphere of dry nitrogen using standard Schlenk techniques. Tetrahydrofuran and toluene were purified and dried using an Innovative Technology SPS-400 and degassed before use, triethylamine was dried and distilled according to standard procedures and degassed before use, and all other solvents were reagent grade and used as received. No special precautions were taken to exclude air or moisture during workup except where otherwise indicated. Trimethylamine N-oxide was freshly sublimed before use, [Fe 2 (l-pdt)(CO) 6 ] [35] and compound 2 [33] were synthesised by minor variation to the procedures described in the literature, as detailed below. The precursor alkyne 1-ethynyl-4-(ptolylethynyl)benzene was prepared as described elsewhere [58] . All other reagents were commercially available and used as received.
Column chromatography was performed using silica gel. NMR spectra were recorded at 23°C on a Varian NMR Systems 700 ( 1 H, 699. ? at 0.00 V) couple was used as an internal reference for potential measurements. Spectroelectrochemical measurements were made in an OTTLE cell of Hartl design [54] from dichloromethane containing 0.1 M NBu 4 PF 6 as the electrolyte. The cell was fitted into the sample compartment of a Nicolet Avatar 6700 FT-IR and electrolysis in the cell was performed with an EcoChemie Autolab PG-STAT 30 potentiostat.
Crystal data and experimental details are listed in Tables 1 and 2 . The singlecrystal X-ray data for the compounds 5 and 6 were collected at the temperatures of 120.0(1) K on a Bruker SMART CCD 6000 and an Agilent Gemini S-Ultra diffractometers respectively (graphite monochromator, k MoKa, k = 0.71073 Å ). The structure was solved by direct method and refined by full-matrix least squares on F 2 for all data using SHELXTL [60] and OLEX2 [61] software. All nondisordered non-hydrogen atoms were refined with anisotropic displacement parameters, non-disordered H-atoms were located on the difference map and refined isotropically. Disordered atoms were refined isotropically with fixed SOF = 0.5 and the hydrogen atoms there were placed into the calculated positions and refined in riding mode. Crystallographic data for the structural analyses have been deposited with the Cambridge Crystallographic Data Centre, CCDC Nos. 1,3-Propanedithiol (pdtH 2 , 1.20 mL) was added to a solution of triiron dodecacarbonyl (3.00 g, 5.96 mmol) in toluene (40 mL) and the reaction mixture was heated to reflux. The reaction mixture was stirred at reflux for 15 min resulting in colour change from dark green to dark red. Heating was continued for 1.5 h whereupon IR spectroscopy and TLC analysis indicated complete consumption of the starting material. Following cooling to ambient temperature the solvent was removed under reduced pressure and the residue purified by column chromatography (eluent 80:20, hexanes/dichloromethane (v/v); isolation of an intense red band) followed by recrystallization from hexanes to afford [Fe 2 (l-pdt)(CO) 6 
Preparation of Diphenyl((4-(p-tolylethynyl)phenyl)ethynyl)phosphine (2)
In a manner similar to that described for 1, 1-ethynyl-4-(p-tolylethynyl)benzene (600 mg, 2.77 mmol), copper(I) iodide (5.00 mg, 18.0 mmol) and chlorodiphenylphosphine (612 mg, 2.77 mmol) were added sequentially in single portions to a mixture of toluene (20 mL) and triethylamine (10 mL) at ambient temperature resulting in a thick mixture with a cream precipitate. 
